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Abstract—This paper investigates power splitting for full-
duplex relay networks with wireless information and energy
transfer. By applying power splitting as a relay transceiver
architecture, the full duplex information relaying can be powered
by energy harvested from the source-emitted radio frequency
signal. In order to minimize outage probability, power splitting
ratios have been dynamically optimized according to full channel
state information (CSI) and partial CSI, respectively. Under
strong loop interference, the proposed full CSI-based and partial
CSI-based power splitting schemes achieve the better outage
performance than the fixed power splitting scheme, whereas the
partial CSI-based power splitting scheme can ensure competitive
outage performance without requiring CSI of the second-hop
link. It is also observed that the worst outage performance is
achieved when the relay is located midway between the source
and destination, whereas the outage performance of partial CSI-
based power splitting scheme approaches that of full CSI-based
scheme when the relay is placed close to the destination.
I. INTRODUCTION
Energy harvesting (EH) has emerged as a promising en-
abling technology for wireless cooperative or sensor networks
to function in environment with physical or economic lim-
itations [1]–[3]. Through EH from ambient radio-frequency
(RF) signals, periodic battery replacement or recharging can be
alleviated for energy-constrained sensor or relay nodes. Since
RF signals can carry both information and energy, simulta-
neous wireless information and power transfer (SWIPT) has
been proposed [3]–[8] and two practical receiver architectures,
namely, time switching (TS) and power splitting (PS) [9], have
been widely adopted in various SWIPT systems [6], [10], [11].
By employing TS-based relaying (TSR) and PS-based
relaying (PSR) protocols for amplify-and-forward (AF) sys-
tems [3], SWIPT can not only keep energy-constrained relay
nodes active through RF EH, but also enable information
relaying across barriers or over long distance. The outage and
diversity performances of SWIPT for cooperative networks
with spatially random relays were investigated in [12] and
the distributed PS-based SWIPT was designed for interfer-
ence relay systems [13]. Several power allocation schemes
for EH relay systems with multiple source-destination pairs
were investigated in [14]. Furthermore, antenna switching and
antenna selection have also been applied for SWIPT relaying
systems [15], [16]. Dynamic power splitting with full channel
state information (CSI) and partial CSI has been investigated
for AF half-duplex relaying networks [17]. Since full-duplex
relay (FDR) can improve spectral efficiency significantly over
half-duplex relay, wireless information and power transfer for
FDR networks has drawn much attention [18], [19]. Through
concurrent information relaying and EH via separated relay
transmit and receive antennas, the authors of [18] proposed
a self-interference immunizing FDR scheme. In [19], the
throughput of TSR protocol has been analyzed for FDR
SWIPT systems, in which TS factor has been optimized for
EH relay to maximize system throughput. Since PSR protocols
outperform TSR protocols in various scenarios [3], [8], [13],
we just focus our attention on PSR protocol for FDR networks.
In this paper, we consider a wireless FDR network using
PSR protocol to realize SWIPT. In order to minimize outage
probability, power splitting ratios are optimized with full CSI
and partial CSI, respectively. 
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Fig. 1. Block diagram of the FDR network.
II. SYSTEM MODEL
In the considered wireless FDR network, a source intends
to transmit its information to a destination. Due to large separa-
tion between the source and destination, a AF relay operating
in FDR mode is employed to relay the source information
to the destination, as depicted in Fig. 1. For simplicity of
implementation, the source and destination are equipped with
single antenna, whreas the AF relay is equipped with single
receive antenna and single transmit antenna. We assume that
the initial relay running is supported by the initial energy stored
in the battery. Then, the relay needs to harvest energy from
its received RF signals to forward information. The channel
from the source to relay and from the relay to destination
are denoted by h and g, respectively, whereas the loopback
interference channel at the relay is denoted by f . We assume
all the channels experience Raleigh fading and keep constant
during each transmission block. The means of the exponential
random variables |h|2, |g|2, and |f |2 are denoted by λh, λg ,
and λf , respectively. By employing request-to-send/clear-to-
send (RTS/CTS) based channel estimation scheme, the CSI
can be estimated to facilitate the SWIPT [3], [9], [18]. In this
paper, we assume that the relay with the capability to access
full CSI (or partial CSI) computes and updates the relay control
parameters.
In each transmission block, the power of the relay-received
signal is splitted in ρ : 1 − ρ proportion, where ρ is the
power splitting ratio. Since the relay operates in FDR mode, it
concurrently receives the signal yr(t) and transmits the signal
xr(t) on the same frequency. The splitted signal at the input
of the EH receiver is√
ρPs
dm1
hs(t) +
√
ρfxr(t), (1)
where s(t) is the source signal, Ps is the source transmission
power, d1 is the distance between the source and relay, m is
the path loss exponent. The harvested energy at the relay can
be expressed as
Eh = ηρ
(
Ps|h|
2
dm1
+ |f |2Pr
)
T, (2)
where Pr = E{|xr(t)|2} is the relay transmission power, T is
the duration time of each transmission block, and η (0 < η <
1) is the energy conversion efficiency, which depends on the
rectification process and the energy harvesting circuitry [6]. At
the relay, the sampled baseband signal can be written as
yr(k) =
√
(1−ρ)Ps
dm1
hs(k) +
√
1− ρfxr(k) + nr(k), (3)
where k denotes the symbol index, s(k) is the sampled s(t),
xr(k) is the sampled signal of xr(t), nr(k) is the zero mean
additive white Gaussian noises (AWGN) with variance σ2. In
(3), the second term on the right hand side is the residual loop
interference at the relay node. Using the harvested energy, the
relay amplifies the received signal by a relay gain β. Then, the
transmitted signal at the relay can be expressed as
xr(k) =
√
βyr(k − τ), (4)
where τ ≥ 1 is the processing delay at the relay. By recursively
substituting (3) and (4), we have the following expression for
the transmitted signal at the relay:
xr(k) =
√
β
∞∑
j=1
(
√
(1 − ρ)βf)j−1
×
(√
(1−ρ)Ps
dm1
hs(k − jτ) + nr(k − jτ)
)
. (5)
The sampled received signal at the destination, yd(k) is given
by
yd(k) =
1√
dm2
gxr(k) + nd(k), (6)
where d2 is the distance from the relay to destination, nd(k) is
the zero mean AWGN with variance σ2. Substituting (5) into
(6), we have
yd(k)=
√
(1−ρ)Psβ
dm1 d
m
2
gh
∞∑
j=1
(
√
(1 − ρ)βf)j−1s(k − jτ)
+
√
β
dm2
g
∞∑
j=1
(
√
(1− ρ)βf)j−1nr(k − jτ)+nd(k).(7)
A. End-to-End SINR
In the following, we derive the end-to-end signal power
under the condition of employing non-oscillatory relay. By
assuming that all the signal and noise samples are mutually
independent, we calculate the relay transmission power Pr =
E{|xr(k)|2} from (5) as
Pr = β
∞∑
j=1
((1− ρ)β|f |2)j−1
(
(dm1 )
−1
(1− ρ)Ps|h|2 + σ2
)
= β
(dm1 )
−1
(1 − ρ)Ps|h|2 + σ2
1− (1− ρ)|f |2β . (8)
To prevent oscillation and guarantee finite relay transmission
power, the relay gain is limited by
β <
1
(1− ρ)|f |2 (9)
Given the relay-harvested energy, the maximum relay trans-
mission power is expressed as
Pmax =
Eh
T
= ηρ
(
Ps|h|
2
dm1
+ |f |2Pr
)
. (10)
The actual relay transmission power should be less than or
equal to the maximum relay transmit power, i.e.,
Pr ≤ Pmax. (11)
When (8) and (10) are substituted into (11), the relay gain
under the maximum relay transmission power is limited by
β ≤ ηργSR
(1− ρ)γSR − ηρ|f |2 + 1 , (12)
where the signal-to-noise ratio (SNR) of the source-relay chan-
nel is defined as γSR , Ps|h|
2
dm1 σ
2 . Moreover, the non-oscillatory
condition (9) is also guaranteed by (12). At symbol index
k, the destination node can employ any standard detection
procedure to decode the desired signal s(k − τ), and the
rest of the received signal components act as interference
and noise. Based on the assumption that signal and noise
are independent of each other, the received signal power at
the destination node is calculated from (6) as E{|yd(k)|2} =
(dm2 )
−1|g|2E{|xr(k)|2} + σ2, which can be further evaluated
as follows, comprising of the desired signal power, loop
interference power, and noise power:
E{|yd(k)|2} = (dm1 dm2 )−1(1− ρ)βPs|h|2|g|2︸ ︷︷ ︸
desired signal power
+
(
(dm1 )
−1(1 − ρ)Ps|h|2 + σ2
)
β(dm2 )
−1|g|2 (1−ρ)β|f |21−(1−ρ)β|f |2︸ ︷︷ ︸
loop interference power
+(β(dm2 )
−1|g|2 + 1)σ2︸ ︷︷ ︸
noise power
(13)
Based on (13), the end-to-end signal-to-interference-plus-
noise-ratio (e-SINR) at the destination is given by
γ =
(1− ρ)γSRγRD
γSR/β + γRD + ((1− ρ)γSR + 1)γRD (1−ρ)|f |21/β−(1−ρ)|f |2
, (14)
where the SNR of the relay-destination channel is defined as
γRD ,
Ps|h|
2|g|2
dm1 d
m
2 σ
2 .
III. POWER SPLITTING WITH FULL CSI
In this section, we assume that full CSI is available at the
relay and investigate how to compute the relay gain and power
splitting ratio.
According to (13) and (14), the e-SINR has a very com-
plicated non-linear relationship with β and ρ. The design
goal of the relay control with full CSI is to minimize outage
probability by optimizing the control parameters {β, ρ}, which
in turn is to maximize e-SINR. Therefor, the optimal {β∗, ρ∗}
can be obtained by solving the following optimization problem
{β∗, ρ∗} = argmax
β,ρ
γ (15)
s.t. 0 < β ≤ ηργSR(1−ρ)γSR−ηρ|f |2+1 and 0 < ρ < 1.
Since γ is not jointly concave in β and ρ, the optimal {β∗, ρ∗}
in (15) can be obtained by exhaustive searching for all the
possible numerical combinations of {β, ρ}.
In this work, we adopt a simple and popular relay gain
by setting the relay gain at the maximum relay transmission
power. For a given ρ with any value in the range (0, 1), the
relay-harvested energy and maximum relay transmission power
are determined, so that the relay gain is given by
β =
ηργSR
(1 − ρ)γSR − ηρ|f |2 + 1 . (16)
By substituting (16) into (14), the e-SINR can be expressed as
γ =
εηρ(1− ρ)γSRγRD
(1− ρ)(ε+ η2ρ2γRD|f |2)γSR + ε(ε+ ηργRD) , (17)
where ε , 1 − ηρ|f |2. Now, the maximization of γ becomes
an optimization problem of ρ. Since γ is concave with respect
to ρ, the optimized power splitting ratio that maximizes γ can
be obtained by solving ∂γ∂ρ = 0. Furthermore,
∂γ
∂ρ = 0 can be
simplified as Q1(ρ) = 0, where
Q1(ρ) , a4ρ
4 + a3ρ
3 + a2ρ
2 + a1ρ+ a0 (18)
is a quartic equation and
a0=1 + γSR, (19a)
a1=−2(1 + η|f |2)(1 + γSR), (19b)
a2= γSR − ηγRD + η2|f |4(1 + γSR)
+ η|f |2(5 + γSR(4− ηγRD)), (19c)
a3=−2η|f |2(γSR + η|f |2(2 + γSR)−η(1 + γSR)γRD),(19d)
a4= η
2|f |2(η|f |2 + γSR)(|f |2 − γRD). (19e)
After some mathematical manipulations, we can calculate the
optimized power splitting ratio by
ρ=
{
the 1st root of Q1(ρ) = 0, |f |2 ≥ γRD
the 2nd root of Q1(ρ) = 0, |f |2 < γRD . (20)
The solution formula of a quartic equation can be obtained by
using Descartes-Euler-Cardanos method or Ferrari-Lagranges
[20].
IV. POWER SPLITTING WITH PARTIAL CSI
Since the CSI of the second-hop link can be estimated only
at the destination side, the signaling exchanging for estimating
g becomes a heavy burden for the power splitting scheme with
full CSI. In this section, we consider the power splitting ratio
optimization with partial CSI, i.e., the CSI of the first-hop and
loop interference channels is available at the relay.
The optimization problem of the power splitting ratio
is to find a optimal ρ∗ to minimize the outage probability
conditioned on partial CSI, which can be written as
ρ∗ = arg min
0<ρ<1
Pr(γ(ρ) < γ0|h, f), (21)
where γ0 is the target e-SINR (γ0 > 0).
Substituting (17) into Pout = Pr(γ < γ0|h, f), the
conditioned outage probability is given by
Pout = Pr
(
|g|2 < G1(ρ)G2(ρ)
∣∣∣ h, f) , (22)
where G1(ρ) = a|h|2 + b, G2(ρ) = c|h|4 + d|h|2, and
a = Psd
m
1 d
m
2 σ
2γ0(1− ρ)(1 − ηρ|f |2), (23a)
b = d2m1 d
m
2 σ
4γ0(1− ηρ|f |2)2, (23b)
c = ηρP 2s (1− ρ)(1 − ηρ(1 + γ0)|f |2), (23c)
d = Psd
m
1 σ
2ηργ0(ηρ|f |2 − 1). (23d)
Since |g|2 is always greater than a negative number, Pout
in (22) becomes 1 when G1(ρ)G2(ρ) achieves a negative value.
Therefore, by observing the sign of G1(ρ)G2(ρ) under the constraints
of 0 < ρ < 1 and 0 < η < 1, Pout can be simplified as
Pout=


Pr
(
|g|2 < G1(ρ)G2(ρ)
∣∣∣ h, f) , |f |2 < F1 and |h|2 > H1
Pr
(
|g|2 < G1(ρ)G2(ρ)
∣∣∣ h, f) , |f |2 > F2 and
(|h|2 < H1 or |h|2 > H2)
1, |f |2 < F1 and |h|2 < H1
1, F1 < |f |2 < F2 and |h|2 > 0
1, |f |2 > F2 and H1 < |h|2 < H2
,
(24)
where H1 , d
m
1 σ
2γ0(1−ηρ|f |
2)
Ps(1−ρ)(1−ηρ|f |2(1+γ0))
, H2 ,
dm1 σ
2(1−ηρ|f |2)
Ps(ρ−1)
,
F1 ,
1
ηρ(1+γ0)
, and F2 , 1ηρ .
In (24), when Pout = 1, we can set ρ = 1 such that the
relay can harvest energy as much as possible. When Pout =
Pr
(
|g|2 < G1(ρ)G2(ρ)
∣∣∣h, f), the design goal is to find a power
splitting ratio to minimize the conditioned outage probability.
By substituting 0 < ρ < 1 in F1 and H1, the CSI constraint
{|f |2 < F1 and |h|2 > H1} can be rewritten as
ρ < ρ1 and C1, (25)
where ρ1 = −
√
(ηγ0|f |2−γSR(η|f |2(1+γ0)−1))
2+4ηγSRγ20 |f |
2
2ηγSR|f |2(1+γ0)
+
γSR−ηγ0|f |
2
2ηγSR|f |2(1+γ0)
+ 12 and C1 represents for {|f |2 <
1
η(1+γ0)
and γSR > γ0}. Thus, when the CSI satisfies the
constraint C1, we should find the optimized power splitting
ratio in the set Ω1 = {ρ|0 < ρ < ρ1}. Similarly, when the
CSI satisfies the constraints C2: {|f |2 > 1η and γSR < γ0}
or C3: {|f |2 > 1η and γSR > η|f |2 − 1}, we should find the
optimized power splitting ratio in the set Ω2 = {ρ|ρ1 < ρ < 1}
or Ω3 = {ρ| 1η|f |2 < ρ < 1+γSRγSR+η|f |2 }. Based on these
observations, when the CSI satisfies the constraint Ci (i = 1, 2,
and 3), the conditioned outage probability can be computed by
Pr (γmax(ρ) < γ0|h, f)|ρ∈Ωi = Pr
(
|g|2 < G1(ρ)G2(ρ)
∣∣∣h, f)
=
1
λg
∫ G1(ρ)
G2(ρ)
0
e
− x
λg dx
= 1− exp
(
− G1(ρ)G2(ρ)λg
)
. (26)
Since minimizing 1 − exp
(
− G1(ρ)G2(ρ)λg
)
is equivalent to max-
imize G(ρ) , G2(ρ)G1(ρ) , the optimized power splitting ratio can
be obtained by solving
Maximize
ρ∈Ωi
G(ρ). (27)
As we can see that G(ρ) is concave with respect to ρ in the set
Ωi (i = 1, 2, and 3), the solution ρ∗ can be obtained by solving
∂G(ρ)
∂ρ = 0. Unfortunately, given the complicated expression
for ∂G(ρ)∂ρ = 0, a closed-form solution is difficult to obtain.
However, at the high SINRs, G(ρ) has an approximation as
G˜(ρ) = c|h|
2+d
a , so that an approximation of the optimized
power splitting ratio can be obtained by solving ∂G˜(ρ)∂ρ =
0. After some mathematical manipulations, the solution of
∂G˜(ρ)
∂ρ = 0 is given by
ρ=
{
the 1st root of Q2(ρ) = 0, ρ ∈ Ω1 and C1
the 2nd root of Q2(ρ) = 0, ρ ∈ Ω2 and C2
the 3rd root of Q2(ρ) = 0, ρ ∈ Ω3 and C3
, (28)
where Q2(ρ) = c4ρ4 + c3ρ3 + c2ρ2 + c1ρ + c0 is a quartic
function and
c0 = γSR − γ0, (29a)
c1 = 2ηγ0|f |2 − 2γSR(1 + η|f |2(1 + γ0)), (29b)
c2 = γSR(1 + η|f |2(4 + η|f |2(1 + γ0))− η2γ0|f |4, (29c)
c3 = −2ηγSR|f |2(1 + η|f |2)(1 + γ0), (29d)
c4 = η
2γSR|f |4(1 + γ0). (29e)
In computing the above expression of the power splitting ratio,
the relay is required to know h and f . By employing RTS/CTS
based channel estimation scheme, the power splitting ratio can
be determined before the transmission.
V. SIMULATION RESULTS
This section presents some simulation results to verify the
proposed power splitting schemes. In the simulation, the source
transmission rate is R = 3 bps/Hz and the e-SINR threshold
causing outage is given by γ0 = 2R−1. The energy harvesting
efficiency is set to be η = 0.4. The means of the channel gains
are set as λh = λg = 1, whereas the average interference-to-
noise-ratio (INR) for the loopback channel is set as γLI , λfσ2 .
The source transmission SNR is defined as SNR , Ps/σ2.
The path loos exponent is set to be m = 3. Unless otherwise
stated, the distance d1 and d2 are normalized to unit value.
The fixed power splitting scheme proposed in [3] has also been
simulated with ρ = 0.3, ρ = 0.5, and ρ = 0.7 for comparison
purposes.
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Fig. 2 illustrates the impact of INR on the outage prob-
ability. In Fig. 2, the source transmission SNR is as 35
dB. In the practical FDR systems, the relay suffers from
serious loop interference and the system performance degrades
dramatically. As a result, the outage probability of the fixed
power splitting scheme increases very quickly in the region of
high INR. The proposed two power splitting schemes achieve
the better performances than all the schemes with fixed ρ.
For example, at the outage level of 10−1, the full CSI-based
power splitting scheme achieves about 5.5 dB INR gain than
the scheme with fixed ρ = 0.7, about 4.5 dB INR gain than
the scheme with fixed ρ = 0.5, and about 3.5 dB INR gain
than the scheme with fixed ρ = 0.3. Although the full CSI-
based power splitting scheme outperforms the partial CSI-
based power splitting scheme in the region of middle and low
INR, the performance gap is slight. This indicates that the
partial CSI-based power splitting scheme, which incurs less
overhead, approaches the full CSI-based scheme closely.
Fig. 3 shows the outage probability versus the source trans-
mission SNR. In the evaluation of Fig. 3, we set γLI = 40 dB.
The proposed full CSI-based power splitting scheme achieves
the best outage performance. For example, at the outage
probability level of 10−2, the full CSI-based power splitting
scheme obtains about 4.5 dB gain than the scheme with fixed
ρ = 0.7, 3 dB gain than the scheme with fixed ρ = 0.5, and 1.8
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Fig. 4. Outage probability versus d1.
dB gain than the scheme with fixed ρ = 0.3. However, when
the source transmission SNR becomes very high, the gain gap
between the fixed power splitting scheme and proposed power
splitting schemes decrease to a certain value. Moreover, the
partial CSI-based power splitting scheme achieves a outage
performance very close to that of the full CSI-based scheme.
Since the partial CSI-based scheme requires no knowledge of
the second-hop link, it is more suitable for the system with
less overhead.
Fig. 4 illustrates the outage probability versus the relay
location. In the evaluation, we set SNR = 45 dB, γLI = 35
dB, d1 + d2 = 2, and d1 varies from 0.1 to 0.9. As shown in
Fig. 4, for all the schemes, the highest outage probability is
obtained. Thus, the relay should be placed near the source or
destination to reduce the outage. The proposed full CSI-based
scheme achieves the best outage performance. However, Fig.
4 also shows that the partial CSI-based scheme approaches
the outage performance of the full CSI-based scheme when
the relay is placed near the destination. Since that we have
applied a high SINR assumption in determining the power
splitting ratio for the full CSI-based scheme, the partial CSI-
based scheme even outperforms a little over the full CSI-based
scheme in this case. The reason for this scenario is that the e-
SINR is mainly determined by both the harvested energy and
loop interference when the relay is placed far from the source,
and the partial CSI-based power splitting scheme optimizes the
power splitting ratio just based on the CSI of the first-hop and
loopback channels. This result suggests that the partial CSI-
based scheme is more preferable when the relay is placed near
the destination.
VI. CONCLUSION
In this study, full CSI-based and partial CSI-based power
splitting schemes have been proposed for the FDR network
with wireless information and power transfer. The power split-
ting ratio has been optimized to minimize outage probability
under loop interference effect. Through simulations, it is found
that both proposed power splitting schemes outperforms the
fixed power splitting scheme. The partial CSI-based power
splitting scheme achieves a competitive outage performance
with less overhead over the full CSI-based power splitting
scheme. It is also found that the worst outage performance
is obtained by the relay placed midway between the source
and destination, whereas the partial CSI-based power splitting
scheme approaches the outage performance of the full CSI-
based scheme when the relay is placed close to the destination.
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